Degradation rates of most proteins in eukaryotic cells are determined by their rates of ubiquitination. However, possible regulation of the proteasome's capacity to degrade ubiquitinated proteins has received little attention, although proteasome inhibitors are widely used in research and cancer treatment. We show here that mammalian 26S proteasomes have five associated ubiquitin ligases and that multiple proteasome subunits are ubiquitinated in cells, especially the ubiquitin receptor subunit, Rpn13. When proteolysis is even partially inhibited in cells or purified 26S proteasomes with various inhibitors, Rpn13 becomes extensively and selectively polyubiquitinated by the proteasome-associated ubiquitin ligase, Ube3c/Hul5. This modification also occurs in cells during heat-shock or arsenite treatment, when poly-ubiquitinated proteins accumulate. Rpn13 ubiquitination strongly decreases the proteasome's ability to bind and degrade ubiquitin-conjugated proteins, but not its activity against peptide substrates. This autoinhibitory mechanism presumably evolved to prevent binding of ubiquitin conjugates to defective or stalled proteasomes, but this modification may also be useful as a biomarker indicating the presence of proteotoxic stress and reduced proteasomal capacity in cells or patients.
Introduction
In mammalian cells, most proteins are degraded by the 26S proteasome. This 2.4 MDa, 60-subunit complex selectively degrades proteins that are marked for destruction by covalent attachment of a ubiquitin (Ub) chain (Finley, 2009) . The 26S proteasome is composed of the core 20S particle, within which proteins are digested, capped by one or two 19S complexes (PA700) that bind, unfold, and translocate ubiquitinated substrates into the 20S proteolytic chamber (Finley, 2009; . Ubiquitinated proteins initially bind to two 19S subunits, Rpn13 or S5a/Rpn10, which function as 'receptors' for Ub chains (Finley, 2009 ). The mammalian genome contains hundreds of enzymes that catalyze ubiquitination of specific proteins. In this process, one of the cell's two Ub-activating enzymes (or 'E1s') utilizes ATP to form a highly reactive thioester bond with a Ub molecule's C-terminus. The activated Ub is then transferred onto one of the 40 Ub-conjugating enzymes (or 'E2s'). E2s can interact with one of the approximately 600 Ub ligases (or 'E3s'), which confer specificity to the ubiquitination process by binding selectively to a set of protein substrates (Metzger & Weissman, 2010) . The E3s conjugate Ub molecules to lysine residue(s) on the substrate and then catalyze the transfer of additional Ubs to one of the lysine residues on the preceding Ub to form Ub chains. In the poly-Ub chains most commonly associated with proteasomal degradation, Ub molecules are linked through lysine 48, although other linkages can also support proteasome function (Kulathu & Komander, 2012) .
After a ubiquitinated protein binds to Rpn10 and/or Rpn13, it may be deubiquitinated and released or may become more tightly bound to the proteasome through its polypeptide chain, thus committed to degradation (Peth et al, 2010) . During this ATPdependent degradative process, the polypeptide is threaded through the ATPase ring and the gated entry channel in the 20S core particle, where it is digested to oligopeptides (Smith et al, 2006; Finley, 2009) . Meanwhile, the Ub chain is disassembled and released from the substrate by the three proteasome-associated deubiquitinating enzymes (DUBs), the subunit Rpn11, Ubp6/Usp14, and Uch37. Removal of the Ub chain is important to enable the substrate to traverse the narrow entry channel into the 20S particle, and for the Ub molecules to be reutilized in subsequent rounds of ubiquitination and proteolysis (Finley, 2009) .
It is generally assumed that rates of degradation of cell proteins are determined solely by their respective rates of ubiquitination and that the 26S proteasome is an unregulated destructive machine that efficiently hydrolyzes all Ub conjugates. However, there is increasing evidence that the degradative capacity of the 26S proteasome is also regulated. The interaction of the ubiquitinated substrate with the 26S-associated DUBs, Usp14 and Uch37, stimulates 20S gate opening and ATP hydrolysis by 19S ATPases (Peth et al, 2009 (Peth et al, , 2013 . Deubiquitination by Usp14 may also promote substrate dissociation from the 26S, and genetic inactivation or pharmacologic inhibition of Usp14 enhances the degradation of several mutated or damaged proteins . Also, many other proteasome-associated proteins (Verma et al, 2000; Leggett et al, 2002; Guerrero et al, 2006; Wang et al, 2007; Wang & Huang, 2008; Besche et al, 2009; BousquetDubouch et al, 2009a,b; Scanlon et al, 2009; Book et al, 2010; Kaake et al, 2010) have been identified in yeast or mammals. It is likely that many of these have regulatory roles, for example the Ub ligase, Ube3c/Hul5, can extend the Ub chains on substrates bound to the proteasome and thus functions as an 'E4' to counteract chain disassembly by Usp14 and enhance the processivity of conjugate degradation (Crosas et al, 2006; Chu et al, 2013) .
In addition, there have been several reports of posttranslational modifications of proteasome subunits including phosphorylation, N-acetylation, ubiquitination, myristoylation, proteolytic cleavage, O-GlcNAc modification, and ribosylation (Ullrich et al, 1999; Zhang et al, 2003 Zhang et al, , 2007 Wang et al, 2007 Wang et al, , 2010 Wang et al, , 2013 Djakovic et al, 2009; Bingol et al, 2010; Isasa et al, 2010; Um et al, 2010; Guo et al, 2011; Keembiyehetty et al, 2011; Overath et al, 2012; Lin et al, 2013) , some of which were reported to modulate proteasome localization or peptidase activity. For example, phosphorylation of the ATPase subunit Rpt6 in neurons by CamKIIa leads to proteasome accumulation in dendritic spines (Djakovic et al, 2009; Bingol et al, 2010) . A phosphatase (UBLCP1) was shown to associate with the 26S proteasome in the nucleus and to decrease its activity , and in yeast, mono-ubiquitination of Rpn10 by Rsp5 has been observed to reduce the ability of proteasomes to interact with ubiquitinated substrates (Isasa et al, 2010) . Interestingly, caspase-3-mediated cleavage of 19S subunits has been reported to enhance proteasome activity during muscle wasting , but to inhibit its function during apoptosis (Sun et al, 2004) . And ADP-ribosylation of proteasome-associated factor PI31 has been reported to promote proteasome assembly (Cho-Park & Steller, 2013) . These examples indicate that proteasome function may be regulated by various modifications that depend on cell type and specific physiological conditions. In short, our understanding of how proteasome function might be regulated by posttranslational modifications is in its infancy, and clear evidence of the physiological importance of most of these modifications that have already been detected is presently lacking.
The present studies describe a novel modification of the mammalian 26S proteasome, which is most pronounced in cells upon treatment with proteasome inhibitors or upon proteotoxic conditions that cause the accumulation of poly-ubiquitinated proteins. Aside from their biochemical and cell biological interest, these findings bear relevance to the treatment of human disease because the proteasome inhibitors bortezomib/Velcade (BTZ) and also carfilzomib are now used worldwide in the treatment of multiple myeloma and other hematological cancers (Goldberg, 2012) . During the course of our studies to clarify the functions of the proteins associated with mammalian 26S proteasomes, we made the incidental observation that multiple subunits in mammalian proteasomes can be ubiquitinated in vivo and that one Ub receptor, Rpn13, is extensively poly-ubiquitinated. The present studies were therefore undertaken to define the conditions promoting this modification of Rpn13, to identify the responsible Ub ligase and to determine the biochemical consequences on proteasome function through studies on cells and by in vitro reconstitution of this process using purified proteasomes.
Results
Five ubiquitin ligases are associated with the mammalian proteasome Initially, we set out to identify the proteins that interact with the 26S proteasome during substrate degradation and that might potentially regulate its function. We therefore used quantitative proteomics to measure what proteins associate with these particles upon treatment with the proteasome inhibitor, bortezomib (BTZ). Blocking proteolysis with inhibitors should capture cofactors as well as subunits that become bound during the course of proteolysis. For these studies, we engineered a stable cell line overexpressing FLAG-tagged proteasome subunit Dss1/Sem1, in a similar manner as described previously (Krogan et al, 2004) . We then used quantitative proteomics to determine the changes in proteasome-associated proteins during proteasome inhibition with BTZ. (All the details describing our approach are included in the supplementary material, including detailed methods, figures illustrating experimental design (Supplementary Fig S1) , mass spectrometric data (Supplementary Table  S1 ), evaluation by Western blot ( Supplementary Fig S2) , confirmation of proteasomal integrity ( Supplementary Fig S3) , as well as a supplementary discussion focused on the mass spectrometric analysis).
As expected, proteasome inhibition caused a marked increase in the levels of Ub conjugates on the proteasome ( Supplementary  Fig S2) . Concomitantly, a number of proteins were found to increase on the 26S particles with BTZ treatment, including five Ub ligases, namely Ube3a/E6AP, Ube3c/Hul5, Rnf181, Huwe1, and Ubr4 (Supplementary Table S1 ). We then tested whether these five E3s and the other 26S-associated proteins were bound directly to the proteasomes or whether they associate with the 26S indirectly via a poly-Ub chain (e.g. if they remained bound to a ubiquitinated substrate or because they were themselves ubiquitinated). The immobilized 26S particles were treated with the catalytic domain of the potent deubiquitinating enzyme, Usp2 (Renatus et al, 2006) , which hydrolyzed efficiently the Ub chains on affinity-purified proteasomes bound to anti-FLAG resin ( Supplementary Fig S2) , and did not affect the structural integrity of the particles ( Supplementary  Fig S3) . Usp2-mediated removal of Ub conjugates promoted the dissociation from proteasomes of p97, hRad23A and hRad23B, therefore, these proteins must have been bound to the proteasomes via a Ub chain ( Supplementary Fig S2C) . By contrast, the levels of the E3s Ube3a/E6AP, Ube3c/Hul5, Rnf181, Huwe1, and Ubr4 on the 26S were not affected by the Usp2 treatment ( Supplementary  Fig S2C) . To determine whether the accumulation of these ligases on the proteasome after BTZ treatment simply reflected increased amounts of these ligases in the cells due to inhibition of their degradation, we treated cells with 30 nM BTZ for 8 h or with 1 lM BTZ for 1, 2 and 4 h. All these conditions led to a buildup of Ub conjugates in the cell and on the proteasome, as well as an accumulation of Gadd34, a rapidly degraded substrate of the UPS (Brush & Shenolikar, 2008) , and ATF3, a transcription factor that is induced upon proteasome inhibition (Zimmermann et al, 2000; Tanaka et al, 2011) . These treatments however did not alter proteasome content nor the amount of these five Ub ligases detected in crude extracts (Fig 1A) . Nevertheless, greater amounts of all five E3s were observed on the 26S particles isolated from these cells, and their accumulation increased with longer times and higher concentrations of BTZ. Rnf181 and Ube3a/E6AP accumulated on the proteasome within 1 h of BTZ addition (Fig 1B) , but Ubr4 and especially Ube3c/Hul5 required a longer exposure. Thus, upon inhibition of protein breakdown, several Ub ligases are recruited to the proteasome, but not as a consequence of a change in overall abundance or through an association with Ub chains (Supplementary Fig S2) . This redistribution is most dramatic for Rnf181, which is barely detectable on the proteasome under normal conditions (Fig 1B and Supplementary  Fig S2) .
Many subunits of the 26S proteasome are ubiquitinated There are two general roles that Ub ligases could have on the proteasome: they could modify the substrates (e.g. they could function as E4s that elongate Ub chains on proteasome-bound substrates to promote their degradation) or they may modify the proteasome to regulate its function. Curiously, little is known about the potential ubiquitination of proteasome subunits or of 26S-associated proteins. Kim et al (2011) in a cell-wide screen of ubiquitination sites found that many proteasome subunits are ubiquitinated. This conclusion was based upon a whole-cell-lysate analysis of the spectrum of diglycine (GG) 'signature peptides', which are generated upon A HEK293F parental cells and cells stably overexpressing Dss1-FLAG were treated with different concentrations of BTZ for various times. Levels of proteasomes and ligases in the crude extracts were analyzed by Western blot. B Proteasomes were isolated from cells generated in (A) using anti-FLAG affinity resin. Equal amounts of proteasomes were analyzed by Western blot. Huwe1 was not detectable under these conditions, most likely due to the small amounts of cells used in this experiment compared to those used in our initial purifications (e.g. Supplementary Fig S2C) .
Source data are available online for this figure. Henrike C Besche et al Autoubiquitination of the 26S Proteasome The EMBO Journal trypsin digestion of ubiquitinated proteins. This study however could not distinguish whether these subunits were ubiquitinated while present in mature assembled proteasomes or as newly synthesized free polypeptides, many of which are rapidly degraded. In order to determine whether subunits of mature proteasome particles are ubiquitinated, we used the GG-antibody approach to identify ubiquitination sites in 26S proteasomes isolated from both normal and BTZ-treated cells. We found that 14 proteasome subunits and 3 proteasome-associated proteins were ubiquitinated, most of them at several different lysine residues (Supplementary Table S2 ).
Rpn13 is markedly and reversibly poly-ubiquitinated upon proteasome inhibition
In proteasomes isolated from BTZ-treated cells, ubiquitination of a4, Rpt1, Rpt4, Rpn2, Rpn13, and Usp14 was increased (Supplementary Table S2 ). Western blot analysis confirmed extensive poly-ubiquitination of Rpn13 that could be removed by digestion with Usp2 at 4°C in vitro (Fig 2A) . Mass spectrometry indicated that the BTZ-sensitive ubiquitination sites in Rpn13 were lysines K21 and K34, which are located at the N-terminal end of the Ub-binding Pru domain in Rpn13 (Fig 2B) . Under these conditions, Rpt1 and Usp14 were mono-ubiquitinated, based on a single additional band detectable by Western blotting, which could be removed by Usp2 digestion at 37°C. Unlike Rpn13, their ubiquitination was only slightly enhanced by BTZ treatment (Fig 2C) . In addition, we were able to detect some poly-ubiquitination of Uch37 and mono/di-ubiquitination of S5a/Rpn10, neither of which were affected by BTZ treatment (Fig 2C) . Thus, although many subunits can be ubiquitinated in vivo, only modification of Rpn13 and, to a lesser extent, Rpt1 was clearly stimulated by proteasome inhibition. A 26S proteasomes were isolated from Dss1-FLAG-expressing HEK293F cells that were treated with or without 1 lM BTZ for 4 h, and ubiquitination of different subunits analyzed by Western blot (WB). To confirm that these subunits were modified by ubiquitination, these particles were incubated with the deubiquitinating enzyme Usp2 (1 lM) for 1 h at 4°C. B Schematic view of Rpn13. K34 is located in, and K21 adjacent to the Pru domain responsible for binding of Ub conjugates. C Proteasomes isolated from normal and BTZ-treated cells were treated with 1 lM Usp2 for 1 h at either 4°C or 37°C. Samples were analyzed by Western blot.
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Source data are available online for this figure. To learn whether the ubiquitination of Rpn13 and Rpt1 also occurs with other types of proteasome inhibitors and whether this ubiquitination is reversible, we treated HEK293F cells with a variety of inhibitors, including BTZ (a reversible peptide boronate inhibitor with a very low off-rate), MG132 (a peptide aldehyde, which is readily reversible), and epoxomicin (a suicide substrate that covalently modifies 20S active threonine) (Kisselev & Goldberg, 2001; Goldberg, 2012) A HEK293F cells overexpressing Dss1-FLAG were treated with DMSO or proteasome inhibitors (10 lM MG132, 1 lM BTZ, 400 nM epoxomycin) for 4 h. The inhibitor was then washed out, and the cells were grown for additional 1, 4, and 20 h. Crude cell extracts were prepared and analyzed for proteasomal peptidase activity (suc-LLVY-amc). B-E Cells as in (A) were analyzed by Western blot for accumulation of ubiquitin conjugates, modification of proteasome subunits, and content of proteasomeassociated ubiquitin ligases (B, C). The amount of poly-ubiquitin conjugates and ubiquitinated Rpn13 was quantified by densitometry analysis (D, E). For MG132-treated cells, Rpn13 ubiquitination was reduced to less than 25% control level (0 h after washout) 20 h after washout, when proteasome activity and polyubiquitin conjugate level were restored to almost normal level. For BTZ-treated cells, 20-h incubation after washout was much less efficient in restoring proteasome activity and poly-ubiquitin conjugate level.
Source data are available online for this figure. Henrike C Besche et al Autoubiquitination of the 26S Proteasome The EMBO Journal markedly reduce proteolysis (Kisselev & Goldberg, 2001; Kisselev et al, 2006) . In extracts prepared with DUB inhibitors to prevent deubiquitination, all three inhibitors caused ubiquitination specifically of Rpn13 and Rpt1 ( Fig 3B and Supplementary Fig S4B) . Uch37, Rpt5, and S5a were also modified, but their ubiquitination was not altered by proteasome inhibition. After 4-hour exposure to these inhibitors, the cells were washed twice, and after the addition of fresh medium, the recovery of peptidase activity of 26S proteasomes was monitored ( Fig 3A) . Proteasome activity was almost completely restored to control levels after washout of MG132 for 20 h (Fig 3A) , and cellular ubiquitin conjugate levels decreased by 60% (Fig 3D) . In these cells where proteasome function was restored, Rpn13 ubiquitination had declined close to levels in untreated control cells (Fig 3E) . In the same period, after washout of BTZ, there was much less recovery of proteasome function and a smaller decrease in Ub conjugate levels, and after washout of epoxomicin, there was almost no restoration of activity or decrease in Ub conjugates (Fig 3B and E) . In these cells, levels of ubiquitinated Rpn13 decreased little if at all ( Fig 3F) . Thus, Rpn13 ubiquitination is a reversible process in vivo and is efficiently removed following the restoration of proteasome function and Ub conjugate level. By contrast, the much less prominent ubiquitination of Rpt1 was not reversed following inhibitor removal.
Ube3c/Hul5 ubiquitinates Rpn13, and Rnf181 ubiquitinates Rpt1 in vivo
These findings raised two questions: (i) whether any of the five proteasome-associated ligases may ubiquitinate proteasome subunits, and (ii) whether these modifications may significantly alter proteasome function. In order to determine whether the ligases on the proteasome ubiquitinate 26S subunits, we used siRNA in HEK293 cells to analyze Rpn13 and Rpt1 modification in the absence of each of the E3s found on the 26S. Using this approach, clear results were obtained demonstrating that Ube3c/Hul5 is critical for ubiquitination of Rpn13 in vivo, including its mono-, di-, and poly-ubiquitination ( Fig 4A) . In addition, we found that Rnf181 is the ligase required for monoubiquination of Rpt1 (Fig 4F) . By contrast, decreasing cell content of Ube3a/E6AP, Huwe1 and Ubr4 did not influence the ubiquitination of either of these subunits (Fig 4B-F) . None of these 26S-associated ligases seemed to influence the lesser ubiquitination of Rpt5, Uch37/Uch-L5, Rpn10/S5a, or Usp14 ( Supplementary Fig S5) . To provide further evidence that Ube3c catalyzes Rpn13 ubiquitination, we re-expressed Ube3c [codon-wobbled and resistant to knockdown by Ube3c siRNA (Chu et al, 2013) ] in cells expressing Ube3c siRNA. Bortezomib-dependent Rpn13 ubiquitination was restored by re-expression of wildtype Ube3c, but not a catalytically inactive Ube3c mutant (C1051A) (Fig 4G) . These findings suggest strongly that the 26S-associated Ube3c ubiquitinates Rpn13, especially when proteasome function is inhibited.
Rpn13 in purified proteasomes can be ubiquitinated by a 26S-associated ligase
Although these findings support a model that after proteasome inhibition, Ube3c acts on Rpn13 and that Rnf181 modifies Rpt1, they do not rule out the possibility that Ube3c/Hul5 and Rnf181 might influence proteasome ubiquitination indirectly (e.g. by 26S association with additional cytosolic factors). To test whether Rpn13 ubiquitination is catalyzed by a 26S-associated E3, proteasomes were affinitypurified with anti-FLAG antibody from control (untreated) cells (as in Supplementary Fig S1C and Fig 1B) . Since Rnf181 only associated with proteasomes upon proteasome inhibition, these particles lacked significant Rnf181 and contained four Ub ligases. Ubch5a has been used in several publications characterizing Ube3c/Hul5 (You & Pickart, 2001; Wang & Pickart, 2005; Wang et al, 2006) . Following incubation with Ub, E1, ATP, and Ubch5a as the E2 for 1-3 h, extensive Rpn13 poly-ubiquitination was evident with only minor modification of Rpt1, Rpt5, S5a, Usp14 or Uch37 (Fig 5B) . In order to test whether other E2s would work in this reaction, we assayed Rpn13 ubiquitination using the E2 scanTM Kit (Ubiquigent), which includes a panel of 29 mammalian E2s. However, the only E2s supporting Rpn13 modification were Ubch5a, b, and c (N. V. Kukushkin, unpublished data).
Ubiquitination of Rpn13 is stimulated by inhibition of either 20S or 19S function
With these affinity-purified particles, we studied further the factors regulating Rpn13 ubiquitination. Unexpectedly, addition of BTZ to the isolated particles markedly enhanced Rpn13 ubiquitination ( Fig 5A, left panel) , as was observed in cultured cells. The finding that inhibition of 20S peptidase activities can directly stimulate modification of Rpn13 implies that not only the ubiquitination itself, but also its enhancement by proteasome inhibitors occurs by a mechanism contained within proteasomal particles, as opposed to being mediated by some additional cellular factor. We therefore further explored the connection between proteasome inhibition and induction of Rpn13 ubiquitination on isolated 26S proteasomes. Strikingly, a similar strong enhancement of Rpn13 ubiquitination was observed when the function of the 19S particle was blocked by incubation of the isolated 26S particle with ATPcS ( Fig 5A, central  panel) , a non-hydrolyzable analog of ATP that prevents function of the 19S ATPases that drive Ub conjugate degradation (Peth et al, 2009 (Peth et al, , 2010 (Peth et al, , 2013 . Conjugate degradation also requires the removal of the ubiquitin chain by Rpn11 . Inhibition of its activity using the Zn 2+ chelator, 8MQ (Sekido, 1975) , which slows proteolysis of ubiquitin conjugates (N. V. Kukushkin, unpublished observations), also caused a large increase in Rpn13 ubiquitination ( Fig 5A, right panel) . Thus, blockage of protein degradation in vitro either through inhibition of the 20S catalytic sites, ATPdependent processing of Ub conjugates by the 19S complex, or their deubiquitination by Rpn11 prior to translocation into the 20S core stimulates Rpn13 poly-ubiquitination (while the ubiquitination of other subunits is unaffected or enhanced only slightly).
To analyze the type of poly-Ub chain on Rpn13, we used mutant Ub variants lacking each of the seven lysines or containing single lysines (Fig 5C) . While the point mutation of K27, K29, and K33 reduced ubiquitination of Rpn13 (upper panel), only K29 and K48 were able to support formation of longer chains efficiently on their own (lower panel). Thus, the isolated 26S under these conditions with Ubch5a as the E2 formed long poly-Ub chains on Rpn13 containing mainly K29 and K48 linkages. Other single-lysine mutants supported limited poly-ubiquitination, but these reactions became largely stalled after addition of 1 to 2 Ub moieties (Fig 5C, lower panel) . This result is consistent with the earlier finding that purified Ube3c/Hul5 preferentially forms K29 and K48 linkages (Wang et al, 2006) . As shown above, upon removal of MG132 from the medium, proteasome function in the cells was slowly restored. Within 20 h, the ubiquitination of Rpn13 (but not ubiquitinated Rpt1) was greatly diminished (Fig 3 and Supplementary Fig S4) . Therefore, we tested whether ubiquitinated Rpn13 was susceptible to deubiquitination when the isolated 26S particles were incubated in vitro. Following autoubiquitination of immobilized proteasomes for 1 h, the reaction mixture was removed and after extensive washing was replaced with buffer lacking E1, E2, or Ub. No deubiquitination of Rpn13 was observed under these conditions (Fig 5D) . Thus, none of the three proteasome-associated DUBs, Usp14, Uch37, or Rpn11 could disassemble the Ub chains on Rpn13, even though exogenous Usp2 readily deubiquitinated Rpn13 (Fig 5D) . Therefore, it seems most likely that in cells following removal of proteasome inhibitors, Rpn13 is A-E HEK293F cells were transfected with siRNA against proteasome-associated ubiquitin ligases Ube3c/Hul5 (A), Ube3a/E6AP (B), Rnf181 (C), Huwe1 (D), and Ubr4 (E). After BTZ treatment (1 lM, 4 h), cells were lysed, and ubiquitination of Rpn13 (A-E) was measured by WB. Knockdown of Ube3c blocked Rpn13 ubiquitination. F From the same knockdown experiments as in (A-E), mono-ubiquitination of Rpt1 was also measured by WB. Knockdown of RNF181 blocked Rpt1 monoubiquitination. G When WT Ube3c, but not the catalytically inactive C1051A mutant Ube3c, was re-expressed in Ube3c knockdown cells, basal and BTZ-induced Rpn13 ubiquitination were both restored.
Source data are available online for this figure. ª (Fig 3 and Supplementary Fig S4) by a currently unknown cytosolic DUB, or perhaps the ubiquitinated Rpn13 may be selectively extracted from proteasomal particles (e.g. by p97) and degraded or deubiquitinated.
Rpn13 ubiquitination increases with even a partial loss of proteasomal capacity
The observation that Rpn13 ubiquitination is stimulated by BTZ treatment even in vitro indicates that it is an auto-regulatory response to impaired proteasome functioning. To determine how much of an impairment of proteasome function and of intracellular proteolysis is necessary to trigger this response in HEK293F cells, we determined the concentrations of BTZ that are required to cause Rpn13 ubiquitination in cells and their effects on intracellular proteolytic rates. Upon treatment with 20 nM BTZ for 4 h, we observed over a 50% inhibition of the chymotrypsin-like peptidase activity in cell extracts (Fig 6A) , which was accompanied by a 2-to 3-fold increase in the total amount of poly-ubiquitinated proteins, detected by Western blot (Fig 6C and D) . The degradation rates of long-lived cell proteins by the proteasome were reduced by 45% as measured by the conversion of radiolabeled cell proteins to amino acids (Fig 6B) [In order to determine proteasomal protein breakdown rate, we subtracted the autophagic/lysosomal degradation rate (Zhao et al, 2007) At lower concentrations, no effect of BTZ on cellular protein degradation was detected. Interestingly, 20 nM was also the lowest concentration of BTZ that caused a clear 2-fold stimulation of Rpn13 ubiquitination (Fig 6C and E) . At 40 nM BTZ, no chymotrypsin-like activity was detected in the extracts, and the proteasome's caspaselike activity was also reduced by over 50%. This increase in BTZ concentration from 20 to 40 nM further reduced cellular protein degradation and caused the amount of poly-Ub conjugates to reach its peak level. This treatment caused a maximal 5-fold induction of Rpn13 ubiquitination (Fig 6C and E) . Increasing the concentration of BTZ beyond 40 nM did not further elevate the levels of Ub conjugates or ubiquitinated Rpn13, even though it caused a greater inhibition of proteasomal protein degradation (Fig 6B) . Thus, the induction of Rpn13 ubiquitination detectable by Western blot is a highly sensitive indicator of the degree of the impairment of proteasome function. At low BTZ concentrations, the level of Rpn13 ubiquitination reflects the inhibition of overall cellular protein degradation and reaches its peak together with the accumulation of poly-ubiquitin conjugates. The accumulation of poly-ubiquitinated conjugates in the cells, as a consequence of loss of proteasome function, correlates most closely with Rpn13 ubiquitination (Fig 6D and E) . This tight correlation between the extent of Ub conjugate buildup and modification of Rpn13 strongly suggests that these are linked effects of the inhibitors. (Fig 7) . Both treatments, which cause marked induction of heatshock proteins, caused Rpn13 ubiquitination, along with an accumulation of poly-ubiquitinated proteins. No decrease in 26S proteasome peptidase activity was evident after either treatment. Arsenite treatment, which caused a greater accumulation of polyubiquitinated proteins than BTZ treatment (100 nM or 1 lM), also caused greater Rpn13 ubiquitination (Fig 7A) . On the contrary, 1-h heat shock, which caused a weaker accumulation of polyubiquitinated proteins than BTZ treatment, also caused weaker Rpn13 ubiquitination (Fig 7B) . Upon exposing cells to these proteotoxic conditions together with BTZ, we did not detect any further accumulation of poly-ubiquitinated proteins or Rpn13 ubiquitination compared to when arsenite or BTZ alone was present. These observations indicate that Rpn13 ubiquitination probably occurs often in vivo under conditions that generate large amounts of misfolded, perhaps aggregated, proteins, and cause accumulation of ubiquitin conjugates.
Rpn13 ubiquitination occurs during proteotoxic stress
Rpn13 modification inhibits degradation of ubiquitinated proteins, but not peptide substrates
Why would the proteasome ubiquitinate Rpn13 upon accumulation of ubiquitin conjugates or when its proteolytic activity is compromised? One possible explanation is that modification of Rpn13 inhibits its ability to interact with ubiquitin conjugates, thus preventing new substrates from a futile association with a particle that is stalled and incapable of proteolysis. Indeed, the two lysines that are preferably modified upon proteasome inhibition are in, or very close to, the ubiquitin-binding domain in Rpn13 (Fig 2B and Supplementary Table S2 ). Using the affinity-purified 26S proteasome and ubiquitination cofactors (E1, Ubch5a, Ub, ATP, Mg 2+ ), we obtained nearly quantitative ubiquitination of Rpn13 during a 2-h preincubation ( Fig 8A) with only minor ubiquitination of other subunits observed in the same preparations (similar to what is shown in Fig 5B) . In order to examine the functional effects of this modification, we preincubated proteasomes under these conditions in the presence or absence of the E2, Ubch5 (Fig 8A) , and measured the ability of the proteasomes to degrade model ubiquitinated substrates. After Rpn13 modification, there was an 80-90% reduction in the rates of degradation of two widely studied substrates, Ub n Sic1 (Fig 8B) and Ub 5 DHFR (Fig 8C) . By contrast, the peptidase activity of these 26S proteasomes (i.e. their ability to hydrolyze the standard fluorogenic substrate, suc-LLVY-amc) was not affected by ubiquitination (Fig 8D) . Peptidase assays were performed in the presence of ATP or ATPcS. In the presence of ATPcS, which stimulates 20S gate opening and peptide entry (Smith et al, 2005 (Smith et al, , 2007 , we consistently observed a slightly reduced ability for peptide hydrolysis by proteasomes with ubiquitinated Rpn13 (Fig 8D) , which suggests some alteration in the ATPases or in gate opening (Smith et al, 2007) . In addition, no significant change was observed in the rate of casein degradation (Fig 8E) , an unstructured protein that does not require ubiquitination for ATP-dependent proteolysis (Smith et al, 2006; Peth et al, 2009) . Together, these data indicate that ubiquitination of the proteasome causes a dramatic decrease in its capacity for Ub-dependent proteolysis without significantly affecting its activity toward hydrolyzing peptides and non-ubiquitinated proteins.
Rpn13 ubiquitination inhibits the binding of 26S particles to ubiquitin conjugates
The residues that are ubiquitinated on Rpn13, K21 and K34 (Supplementary Table S2 and Fig 2B) , are located near or within the Ubbinding domain of Rpn13 (Husnjak et al, 2008) . We therefore tested whether Rpn13 ubiquitination decreases conjugate binding to the 26S. Biotinylated Ub 5 -DHFR was immobilized on a monomeric avidin resin and incubated with control and ubiquitinated proteasomes at 4°C, and proteasomes bound to the resin were quantified as described previously (Peth et al, 2010) . Following preincubation of proteasomes with the complete set of ubiquitination components, there was a 70-80% reduction in binding to immobilized Ub 5 -DHFR compared to control proteasomes that were preincubated in the A HEK293F cells were treated with 0.5 lM Na 3 AsO 3 together with indicated concentrations of BTZ for 3 h. Na 3 AsO 3 dramatically caused the accumulation of poly-ubiquitinated proteins and induced Rpn13 ubiquitination as well. B HEK293F cells were treated with increasing concentrations of BTZ for 3 h at 37°C or under 43°C (heat shock) for 1 or 3 h. Heat shock and arsenite also caused the accumulation of poly-ubiquitinated proteins as well as Rpn13 ubiquitination.
Source data are available online for this figure.
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Ub n -Rpn13 Figure 8 . Rpn13 ubiquitination markedly inhibits the ability of 26S proteasomes to bind and degrade ubiquitinated proteins, but not peptides or nonubiquitinated proteins.
A Isolated proteasomes were preincubated for 0-2 h at 37°C in the presence of ATP and Ub, with or without E1 and Ubch5a (E2) as indicated and analyzed by Western blot. (Ub aldehyde was included in all reactions to block deubiquitination, but its presence had no significant effect.) B Proteasomes preincubated for 2 h as in (A) were diluted 20-fold, and the degradation of 32 P-labeled Ub n -Sic1 was assayed by measuring the production of TCA-soluble radioactive peptides. C After preincubation, degradation of 32 P-labeled Ub 5 -DHFR was assayed as in (B). D To evaluate the effects of Rpn13 modification on hydrolysis of short peptides, proteasomes were preincubated for 2 h as in (A) and diluted 20-fold, and the rate of suc-LLVY-amc hydrolysis was measured in the presence of ATP or ATPcS, which stimulates gate opening and peptide substrate entry (Smith et al, 2007) . E To follow the degradation of a non-ubiquitinated substrate, 26S proteasomes were preincubated as in (A), and the breakdown of 32 P-labeled casein to TCA-soluble peptides was assayed as in (B). F To measure the binding of ubiquitinated proteins, proteasomes were preincubated for 2 h as in (A) and bound to immobilized Ub 5 -DHFR at 4°C. The resin was washed in a low-salt buffer (0 mM NaCl), high-salt buffer (300 mM NaCl) or in the presence of UIM, and bound proteasome activity was assayed by measuring suc-LLVY-amc hydrolysis (Peth et al, 2010) .
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The EMBO Journal absence of the E2 (Fig 8F) . Under these assay conditions at 4°C, the initial high-affinity binding of the Ub chain to the 26S can still occur, but the subsequent transition to Ub-independent binding, disassembly of Ub chains, or substrate degradation are not possible (Peth et al, 2010) . Accordingly, the interaction of control particles with Ub 5 -DHFR was completely disrupted by the addition of the Ubbinding domain, UIM, or a high-salt wash (Fig 8F) . This sensitivity to UIM or salt is characteristic of specific binding of ubiquitin conjugates to the proteasomes' Ub receptor (Peth et al, 2010) . Together, these findings indicate that the ubiquitination of Rpn13 by Ube3c/ Hul5 is activated when proteasome function becomes impaired and prevents the further association of these inhibited or dysfunctional particles with other ubiquitinated substrates.
Discussion
These studies have uncovered a surprising, new postsynthetic modification of the 26S proteasome that leads to an inactivation of the particles. Initially, we assumed that the accumulation of Ub ligases on the proteasomes after the inhibition of proteolysis accounted for the increased ubiquitination of proteasome subunits Rpn13 and Rpt1. However, inhibitor treatment of purified proteasomes clearly enhanced Rpn13 poly-ubiquitination in vitro, as occurs in vivo. Therefore, increased binding of cytosolic E3s cannot be the critical stimulus for this modification. Instead, the associated ligases can somehow respond to any type of reduction in proteasome function by activating Rpn13 ubiquitination similarly whether 19S or 20S function is inhibited. The studies with siRNA clearly showed that Rpn13 is polyubiquitinated by Ube3c/Hul5 and that Rnf181 is the ligase for Rpt1, which is the first substrate described for this E3. By contrast, loss of the other three ligases did not affect ubiquitination of these or other subunits, as shown by Western blotting (Fig 4) . Interestingly, down-regulation of Ube3c/Hul5 not only blocked the formation of a long Ub chain of Rpn13, but also reduced mono-and di-ubiquitination on Rpn13. Thus, the role of Ube3c in this process differs from that of its yeast homolog, Hul5, in the ubiquitination of Rpn10, where a distinct E3 Rsp5 first links one or two Ubs to Rpn10 before the chain is extended by Hul5 (Crosas et al, 2006; Isasa et al, 2010) . Unlike the modification of mammalian Rpn13, no modification was observed in yeast Rpn13 upon treatment with proteasome inhibitors (G. Collins, unpublished observations). This is supported by the fact that the lysines that are ubiquitinated in mammalian Rpn13 are conserved in mammals, but not in yeast (Husnjak et al, 2008) . On the other hand, in mammalian 26S, there was insignificant ubiquitination of S5a. Thus, the ubiquitination of Rpn13 in mammals and that of Rpn10 in yeast appear to be quite different responses.
It is currently unclear why Ube3c, Rnf181, Ubr4, Huwe1, and Ube3a/E6AP, unlike the great majority of ubiquitin ligases, are found on the proteasome and why they accumulate there with proteasome inhibition. Ubr4 is believed to be the main N-end rule ligase in mammalian cells (Tasaki et al, 2005) , and Huwe1 has been reported to ubiquitinate p53 and play a role in DNA repair and apoptosis (Chen et al, 2005; Khoronenkova & Dianov, 2011; Kurokawa et al, 2013) . Ube3a/E6AP is a well-characterized HECT ligase that targets p53 for degradation in cells infected with HPV virus and thus contributes to the development of cervical cancer (Talis et al, 1998; Beaudenon & Huibregtse, 2008) , but it also has important roles in synaptic plasticity, and its deficiency is associated with mental retardation and Angelman's syndrome (Greer et al, 2010) . However, it is totally unclear whether the association of these ligases with the 26S proteasome is related to these or other important functions. The increased association of Ube3c to proteasomes after BTZ treatment is unlikely to drive the enhanced Rpn13 ubiquitination because BTZ also stimulates Rpn13 ubiquitination in the cell-free ubiquitination reaction, where no free Ube3c is available to be attracted to the proteasome.
Valuable insights into the mechanism and consequences of Rpn13 ubiquitination were obtained by reconstituting this process in vitro by incubating 26S purified from untreated cells with the E2, Ubch5a, Ub, E1, and ATP. As seen in vivo, addition of BTZ to this reconstituted system stimulated selective poly-ubiquitination of Rpn13. Importantly, this modification is not only activated by inhibition of 20S catalytic sites with BTZ but also upon inhibition of 19S function with the non-hydrolyzable ATP analog, ATPcS, which competitively inhibits ATP hydrolysis by the 19S AAA ATPases. ATPcS thus reduces Ub conjugate processing even though it actually enhances peptide hydrolysis by the 20S core particle by enhancing opening of the gated substrate entry channel into the 20S (Smith et al, 2005) . We also observed a similar induction upon inhibition of Rpn11, a DUB required for proteolysis of ubiquitinated substrates. Because defects in the function of both the 19S or 20S complex stimulate Rpn13 modification, it is possible that inhibition of Ub conjugate processing or the buildup of conjugates on the 19S complex triggers this response. It is interesting in this context that exposing cells to heat shock or arsenite leads to a buildup of ubiquitinated proteins in the cell and also to enhanced ubiquitination of Rpn13 in vivo. The level of Rpn13 ubiquitination under proteotoxic stress conditions correlates tightly with the amount of poly-ubiquitin conjugate accumulation under these conditions. Also, with increasing concentrations of BTZ, the extent of the accumulation of ubiquitinated proteins correlated very tightly with the degree of Rpn13 modification, suggesting a causal linkage between these events. Perhaps the accumulation of conjugates themselves on the 19S is the immediate signal activating autoubiquitination of Rpn13, for example aggregated ubiquitinated substrates may interfere with efficient proteasome function, and triggers Rpn13 ubiquitination. By whatever the mechanism that proteotoxic conditions cause Rpn13 ubiquitination, this modification of the receptor for conjugates should accumulate in the cell under these conditions (Fig 9) .
Once formed, poly-Ub chains on Rpn13 were not removed by any of the proteasome-associated DUB (Fig 5D) , even though in cells, ubiquitinated Rpn13 slowly disappeared after removal of the proteasome inhibitor MG132 (Fig 3 and Supplementary Fig S4) . Most likely, this deubiquitination in vivo is carried out by other DUBs in the cytosol, and we found that cell extracts contain enzymes capable of Rpn13 deubiquitination (see below). It is also possible that the gradual 'reversal' occurs through the replacement of the ubiquitinated Rpn13 by newly synthesized Rpn13 or even through complete replacement of these modified proteasomes with newly synthesized particles, but this latter possibility seems less likely due to the lack of turnover of ubiquitinated Rpn13 in cells following washout of the irreversible 20S inhibitor, epoxomicin.
Most importantly, with the purified 26S particles, we could generate proteasomes in which almost all Rpn13 was modified by poly-ubiquitination, while the other subunits, including S5a/Rpn10, were modified to a much lesser extent (Fig 5B) . Thus, only ubiquitination of Rpn13 can account for dramatic changes in the activity of the proteasome population. By contrast, quantitative ubiquitination of Rpn13 was not observed in cell lysates, probably due to the strong deubiquitinating activity present in the cell extracts. For example, incubating ubiquitinated 26S particles (prepared as in Fig 5B and D) with 293F cell lysates caused complete removal of poly-ubiquitin chains from Rpn13 (unpublished observations), which could not be prevented by addition of N-ethylmaleimide or ubiquitin aldehyde or Zn
2+
-chelating agents to inhibit most DUBs. Consequently, the level of poly-ubiquitinated Rpn13 observed in cell lysates probably underestimates the extent of poly-ubiquitination of proteasomes actually occurring in vivo. Thus, it remains unclear whether the limited ubiquitination seen in vivo is due to a combination of extensive modification of most cellular proteasomes and partial deubiquitination, or whether, in cells, a specific subset of the 26S proteasomes is selectively modified when proteolysis is inhibited.
The ubiquitination of Rpn13 markedly reduced proteasomal function by a novel mechanism. As predicted, the particle's ability to degrade model ubiquitinated substrates was inhibited by 80-90% with no change in their ability to hydrolyze peptides or nonubiquitinated unfolded proteins (Fig 8) . These observations suggest strongly that this mode of proteasome regulation may be occurring in vivo under various pathological conditions that cause the accumulation of poly-ubiquitinated conjugates, for example during heat-shock or arsenite treatment, and must be functioning in the many basic or clinical studies with proteasome inhibitors. However, this prevention of ubiquitin-dependent degradation would be missed using standard proteasome assays, which utilize fluorescent peptide substrates and thus only assay 20S gate opening and peptidase activity. This dramatic decrease in the breakdown of ubiquitinated substrates clearly resulted from a defect in their binding to the proteasome (Fig 8) . Such a large decrease in conjugate binding was surprising since the other conjugate receptor, S5a/Rpn10, was not covalently altered under these conditions. Previously, we found that Rpn10 and Rpn13 contributed equally and independently to the binding of Ub conjugates to the 26S (Peth et al, 2010) . These data thus suggest that ubiquitination of Rpn13 probably also inhibits S5a/Rpn10 by an unknown mechanism. Based on recent insights into 19S structure (Beck et al, 2012; Lander et al, 2012) , it is possible that the Ub chain formed on Rpn13 might also bind to S5a/Rpn10 and thus prevent the functioning of both receptor subunits simultaneously. We have also attempted to clarify the physiological consequences of Rpn13 modification by mutagenizing the lysine residues on Rpn13 that are modified by ubiquitination by Ube3c, but their loss led to the ubiquitination of other lysines or prevented Rpn13 incorporation into the particles (N. V. Kukushkin, unpublished data).
These responses to proteasome inhibition, both the rapid, extensive, ubiquitination of Rpn13 and the slower association of more E3s with the 26S particles, clearly did not evolve as responses to pharmacological inhibitors. Instead, this modification of Rpn13 probably serves normally as a mechanism to prevent proteasomes from binding additional ubiquitinated substrates when they are stalled or unable to efficiently digest a substrate (as may occur with a ubiquitinated protein aggregate or a damaged proteasome) (Fig 9) . Indeed, while the exact mechanism by which inhibiting 20S or 19S function triggers Rpn13 ubiquitination is still unclear, ubiquitination of Rpn13 occurs when the substrate load is increased via heat-shock or arsenite treatment (Fig 7) . In yeast, Hul5 plays a major role in promoting the overall degradation of misfolded proteins by functioning as an E4 (Fang et al, 2011) , which extends Ub chains on ubiquitinated substrates. On the proteasome, the extension of Ub chains on substrates seems to compete with their deubiquitination Normally, Ub chains on the substrate bind initially to Rpn13 and S5a/Rpn10, and once the polypeptide becomes committed to degradation, it is translocated through the ATPase ring into the 20S (Finley, 2009; Peth et al, 2013) . The Ub ligase, Ube3c, presumably functions to extend Ub chains to facilitate substrate degradation and ensure its processivity (Crosas et al, 2006) . However, when proteasomes are stalled due to difficult-to-degrade substrates, or during proteotoxic stresses (heat-shock or arsenite exposure), or in vitro when 20S function is inhibited with bortezomib, 19S function slowed with ATPcS, or substrate deubiquitination by Rpn11 is blocked with a Zn (Crosas et al, 2006) . It seems likely that ubiquitination of Rpn13 is linked somehow to the role of Ube3c/Hul5 as an E4 that promotes proteasomal degradation of Ub conjugates. Perhaps in normal proteasomes, Ube3c/Hul5 elongates Ub chains on substrates to promote their proteolysis (Fang et al, 2011) but in inhibited or damaged particles, or those engaged with a difficult-to-degrade substrate, Ube3c/Hul5 may instead poly-ubiquitinate Rpn13 and prevent further substrate binding to these particles. Thus, by ubiquitinating Rpn13, Ube3c/Hul5 may prevent the proteasome from a nonproductive, perhaps a toxic, engagement with multiple substrates at a time. This modification may thus prevent substrate 'traffic jams' at the proteasome, irreversible aggregation of Ub conjugates, or even damage to the particle, which could be potentially harmful to the cell. Although the cellular consequences of this novel modification under different physiological conditions remain a subject for future research, ubiquitination of Rpn13 appears likely to be of pathophysiological and therapeutic importance. Thousands of patients with multiple myeloma and certain other hematological malignancies are now being treated with proteasome inhibitors (Goldberg, 2012) , and based on the present findings, their proteasomes must be undergoing some degree of Rpn13 autoubiquitination. As a consequence of the resulting prevention of Ub conjugate binding, measurements of peptide hydrolysis (as is typically done in drug development) would underestimate the actual degree of inhibition of the Ub-proteasome pathway in these cells. Thus, measurement of Rpn13 poly-ubiquitination might serve as a new biomarker to assess therapeutic efficacy in patients treated with BTZ for multiple myeloma, but also may be valuable to evaluate the extent of proteasome function in neurodegenerative diseases (Takalo et al, 2013; Tanaka & Matsuda, 2013) . There is growing evidence that decreased proteasome function is a key factor in pathogenesis in various neurodegenerative diseases, where misfolded, apparently undegradable ubiquitinated proteins accumulate in intraneuronal inclusions, often in association with proteasomes (Takalo et al, 2013; Tanaka & Matsuda, 2013) . The ubiquitination of Rpn13 in presence of difficult-to-degrade substrates could indeed create a negative feed-forward loop that contributes to the proteotoxicity of aggregation-prone proteins.
Materials and Methods
Dss1-3×FLAG cells and quantitative proteomics
For purification of human 26S proteasome, a HEK293F cell line stably expressing Dss1-3×FLAG was derived by standard methods. For SILAC experiments (Ong et al, 2002) , cells were grown for at least 9 passages in heavy or light SILAC medium and analyzed by LC/MS/MS. Raw MS data were processed using a combination of MaxQuant (version 1.0.13.13) (Cox & Mann, 2008) and Mascot (version 2.2.03, Matrix Science, London, UK). MaxQuant was used for postacquisition precursor m/z calibration, MS/MS spectrum peak picking, SILAC peptide ratio calculation, as well as protein grouping and quantification. Database searching was done using Mascot. The global false discovery rate for both peptides and proteins was set to 0.01. Peptides with di-glycine modified to lysines were enriched following protocols and analysis described by Kim et al (2011) .
Western blotting
Re-expression of Ube3c
To re-express Ube3c in Ube3c knockdown cells, plasmids expressing codon-wobbled Ube3c (WT or C1051A) were kindly provided by Prof. Thomas Wandless (Stanford University; Chu et al, 2013) . These codon-wobbled Ube3c constructs are resistant to knockdown by the specific clone of Ube3c siRNA (Thermo Scientific, J-007183-07-0005). To co-express Ube3c siRNA and Ube3c plasmids in HEK293F cells, transfection mixture was prepared in the same way as siRNA transfection except 1 lg plasmid was added to the mixture.
In vitro ubiquitination assay
Purified 26S proteasomes (5 nM for Western blotting, 10 nM for biochemical assays) were incubated in a buffer containing 20 mM HEPES-KOH, pH 7.4, 20 mM KCl, 5 mM MgCl 2 , 1 mM ATP, 1 mM DTT, 0.1 mg/ml BSA, and ATP-regenerating system (0.02 U/ll creatine kinase and 2 mM creatine phosphate) with or without 6× Hisubiquitin (120 lM), E1 (50 nM), and Ubch5a (R&D Biosciences) (250 nM) and with or without additional inhibitors as indicated. Reactions were carried out at 37°C for the time periods indicated in the text. For Western blotting, reactions were stopped by adding SDS loading buffer and incubating at 95°C for 5 min.
Measurements of proteasome activity
To determine the peptidase activities of the proteasome, small peptide substrates suc-GGL-amc (measuring chymotrypsin-like activity), suc-LLVY-amc (measuring chymotrypsin-like activity), or Z-LLE-amc (measuring caspase-like activity) were purchased from Bachem. Substrates (50 lM) and proteasomes (0.5 nM) were mixed in the presence of 50 mM Tris-HCl, pH 7.4, 5 mM MgCl 2 , 2 mM ATP, 1 mM DTT, 0.01 mg/ml BSA (Sigma) as reported before (Peth et al, 2009 ). Ub 5 -DHFR was radiolabeled using PKA (Sigma) and [c- 32 P] ATP. Sic1 was radiolabeled before ubiquitination with 32 P using CK2 (NEB). b-casein was radiolabeled in the same manner as Sic1. Degradation of radiolabeled substrates by 26S proteasomes (0.5 nM) was measured by following the conversion of the substrate to acid-soluble 32 P-labeled peptides after trichloroacetic acid (TCA) precipitation (Lam et al, 2005) . Ub 5 -DHFR was a kind gift from Millennium Pharmaceuticals. Sic1 was expressed, purified, and ubiquitinated as previously described (Saeki et al, 2005) .
Measurements of protein degradation
To measure the degradation rate of cellular proteins, HEK293 cells were first labeled for 24 h with tritium-labeled phenylalanine 4, 5 3 H], American Radiolabeled Chemicals, Inc. ART0614, stock 1 mCi/ml in 0.01 M HCl, final 5 lCi/ml) and then chased for 1 h with complete media containing 2 mM cold phenylalanine (Sigma, P5482-25G) to allow turnover of short-lived proteins. Cells were then allowed to be incubated in media containing both 2 mM cold Phe and various concentrations of BTZ. Protein degradation would cause 3 H-Phe to be released into the media which could not be precipitated by TCA. Media were collected at 0, 1, 2, 3, 4 h during the incubation. 200 ll supernatant after TCA precipitation was mixed with 3 ml Ultima Gold Scintillation Fluid (PerkinElmer, 6013327) and TCA-soluble radioactivity was measured with a PerkinElmer Tri-Carb 2910TR Liquid Scintillation Analyzer equipped with QuantaSmart TM software. To calculate percent protein degradation, cells were lysed after the last time point with 0.1 M NaOH, and 100 ll lysate was mixed with 3 ml scintillation fluid in order to measure total radioactivity incorporated. Protein degradation rate was determined by plotting percent protein degradation over time. Four independent samples were used to determine the protein degradation rate upon treatment with various concentrations of BTZ. 27% of the total protein degradation was not inhibited by even high concentrations (200 nM or 1 lM) of BTZ and represents the amount of protein degradation by the autophagylysosomal system (Zhao et al, 2007) . This portion was subtracted from the total degradation rate in order to determine the cellular protein degradation via the UPS. The degradation rate without BTZ treatment was set to 100%.
Ubiquitin conjugate binding assay
Measurements of the proteasome's ability to bind ubiquitin conjugates was carried out similarly to previously published methods (Peth et al, 2010) . Proteasomes were preincubated for 2 h at 37°C with or without Ubch5a and in the presence of all other ubiquitination components, as described above, followed by incubating with immobilized Ub 5 -DHFR at 4°C for 30 min. No degradation or deubiquitination of Ub 5 -DHFR was observed in these conditions. After the binding period, resin was first washed at 4°C in a buffer containing 25 mM HEPES-KOH pH 7.4, 125 mM potassium acetate, 0.05% Triton X-100, 2.5 mM MgCl 2 , 1 mM ATP, and 1 mM DTT, then with a buffer containing 50 mM Tris-HCl pH 7.4, 10 mM MgCl 2 , 1 mM ATP, and 1 mM DTT (Tris washing buffer). Samples were then incubated for 2 × 15 min at 4°C either in Tris washing buffer or in the same buffer containing 300 mM NaCl or 2 mg/ml 10×His-UIM. Resin was then washed again in Tris washing buffer and resuspended in the same buffer containing 50 lM suc-LLVYamc, and resin-bound proteasome activity was measured as above.
For details on proteomic analysis and proteasome purification, see Supplementary Methods and Supplementary Discussion.
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